Protein structure and function depend on a close interplay between intrinsic folding energy landscapes and the chemistry of the protein environment. Osmolytes are small-molecule compounds that can act as chemical chaperones by altering the environment in a cellular context. Despite their importance, detailed studies on the role of these chemical chaperones in modulating structure and dimensions of intrinsically disordered proteins have been limited. Here, we used single-molecule Förster resonance energy transfer to test the counteraction hypothesis of counterbalancing effects between the protecting osmolyte trimethylamine-N-oxide (TMAO) and denaturing osmolyte urea for the case of α-synuclein, a Parkinson's disease-linked protein whose monomer exhibits significant disorder. The single-molecule experiments, which avoid complications from protein aggregation, do not exhibit clear solvent-induced cooperative protein transitions for these osmolytes, unlike results from previous studies on globular proteins. Our data demonstrate the ability of TMAO and urea to shift α-synuclein structures towards either more compact or expanded average dimensions. Strikingly, the experiments directly reveal that a 2∶1 ½urea∶½TMAO ratio has a net neutral effect on the protein's dimensions, a result that holds regardless of the absolute osmolyte concentrations. Our findings shed light on a surprisingly simple aspect of the interplay between urea and TMAO on α-synuclein in the context of intrinsically disordered proteins, with potential implications for the biological roles of such chemical chaperones. The results also highlight the strengths of single-molecule experiments in directly probing the chemical physics of protein structure and disorder in more chemically complex environments.
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Parkinson's disease | protein folding | urea-TMAO counteraction | smFRET P roteins are dynamic entities that are in constant interaction with their environment. Several components of the protein environment can affect the folding landscape (1) and function, including solvents (2), osmolytes (3), crowding agents (4), and small-molecule and macromolecular ligands (5) (6) (7) . Osmolytes are naturally occurring low-molecular weight compounds that are utilized by biological systems as chemical chaperones that counteract deleterious effects of extreme physical conditions such as high osmotic and hydrostatic pressures (8, 9) , dehydration (10), and high or low temperatures (11, 12) . Urea, a major metabolic byproduct, is known to be used as a balancing osmolyte by several marine vertebrates (8) , air-breathing teleosts (13) and some amphibians (14, 15) to deal with osmotic stress. In mammalian kidneys, urea plays an important role in balancing the medullary osmotic gradient (16) . However, even at physiologically relevant concentrations, urea shows a strong denaturing effect on proteins (8, 17) . This apparent paradox is solved by the activity of several protecting osmolytes (e.g., methylamines and polyhydric alcohols) found in these urea-rich biological systems (8, 18, 19) .
Trimethylamine N-oxide (TMAO) is the major protective methylamine found in several marine vertebrates. It is the most efficient among the protecting osmolytes (20) . Yancey et al. put forth the counteraction hypothesis, which proposes that these protecting osmolytes can counteract the denaturing effects of urea (8, 20) . Urea-TMAO counteraction has been studied in multiple systems both in vitro and in vivo (21, 22) . TMAO has been used to reverse the effect of denaturants on proteins (23, 24) , and fold mutation-destabilized (25) and partially folded or unfolded (26) proteins in vitro. Recently, Bandyopadhyay et al. showed that TMAO can fold mutant proteins in vivo to compensate the effects of mutations in Escherichia coli (27) . While a few examples of intrinsically disordered proteins (IDPs) have been studied in this context (28) (29) (30) , tests of the counteraction across a broad range of TMAO and urea conditions have not been reported.
Here, we investigated urea-TMAO counteraction in the context of the structural landscape of α-synuclein, a protein that is intrinsically disordered in its monomeric form (31) . This protein has multiple putative biological functions and has also been linked to Parkinson's disease (32) . To study the monomeric form of α-synuclein and avoid issues with aggregation that occur at the higher protein concentrations needed for ensemble measurements (33), we turned to single-molecule experiments. Developments in optical and force spectroscopy techniques have enabled single-molecule studies on several aspects of protein dynamics, folding, and interactions (34, 35) . Single-molecule techniques provide new types of information at very low sample concentrations without ensemble averaging (35) (36) (37) (38) (39) (40) (41) (42) . Using the distance dependence of single-molecule Förster/fluorescence resonance energy transfer (smFRET) to probe protein dimensions, we studied the effect on α-synuclein of urea and TMAO, both as individual cosolvents and also in varying mixing ratios. Our results provide a direct test of the urea-TMAO counteraction hypothesis for this IDP system.
Results and Discussion
smFRET Reveals a Non-Cooperative TMAO-Induced Effect on α-Synuclein Dimensions. Previous studies on the effect of TMAO on α-synuclein and other amyloid-forming proteins have revealed that the osmolyte can induce protein oligomerization and/or aggregation (33, 43) . A powerful means to study protein structural properties while avoiding the effects of protein aggregation is to perform single-molecule fluorescence experiments. The extremely low concentrations (100 pM or less) required in such experiments have been shown to minimize artifacts caused by protein aggregation (44) . Therefore, smFRET experiments were utilized in this work to study osmolyte effects on monomeric α-synuclein.
For the smFRET experiments reported here, we used a confocal detection method to monitor FRET efficiencies (E FRET ) from freely diffusing individual molecules, avoiding potential perturbations from surface immobilization. α-Synuclein was labeled via cysteine chemistry at residue positions 7 and 84, a labeling scheme that we have previously shown to be nonperturbative and to report on multiple α-synuclein conformations (45) (46) (47) (48) . A combination of a small detection volume (sub-fL) and low concentrations of dual-labeled molecules (approximately 100 pM) in these experiments allowed us to detect bursts of donor and acceptor photons from individual molecules. These bursts were then analyzed to generate smFRET histograms. An smFRET histogram of α-synuclein in buffer is presented in Fig. 1 , Left, showing a single FRET peak at about 0.47 E FRET (Table S1 ), consistent with disordered α-synuclein as reported previously (45) . "Zero peaks" observed at zero E FRET originate from protein molecules having either photo-bleached or missing acceptor fluorescent probes.
Using smFRET, we tested the effect of TMAO on α-synuclein structure and dimensions. Fig. 1 , Right, shows a histogram of the protein in the presence of a high concentration of TMAO (3 M). The nonzero peak observed in this histogram is clearly shifted relative to that observed for the 0 M TMAO data, showing a higher E FRET of approximately 0.86, corresponding to a more compact protein dimension. This observation is consistent with the known ability of TMAO to stabilize compact folded states of proteins (25, 26, (28) (29) (30) 49) and induce folding of unfolded proteins (30, 50) . To further probe the α-synuclein structural landscape in the presence of TMAO, we performed a series of smFRET experiments in varying TMAO concentrations.
In contrast with previous smFRETobservations on a two-statefolding protein (51) or the SDS-induced folding of α-synuclein (45), the TMAO titration data presented single nonzero E FRET peaks that continuously shift as a function of TMAO concentration. In addition, when the peak positions were plotted as a function of TMAO concentration, within the resolution of our experiments, a clear cooperative transition was not observed (Fig. 2 A and C) . Our observation is consistent with previous solution thermodynamics (52) and molecular dynamics simulation (53, 54) studies suggesting that TMAO shifts the structural ensemble towards more collapsed forms. The effect of urea on the structural properties of α-synuclein was then studied by carrying out isothermal smFRET titrations. Similar to the TMAO data, our urea titration data showed a continuous change, but with the results instead showing gradual expansion of the protein with increasing urea concentration (Figs. 2  B and D) . The observed trend is similar to the noncooperative transition previously reported for the guanidine hydrochlorideinduced expansion of α-synuclein monitored using smFRET (55) . This result is also consistent with the lack of a stable native structure in this disordered protein as studied previously using ensemble measurements (31) . Similar results were observed for the denaturation of other IDPs (44, 55, 56) . The contrasting effects of TMAO and urea on α-synuclein dimensions are consistent with unfavorable vs. favorable interactions of these two osmolytes respectively with the protein backbone (57) .
A 2∶1 Ratio of ½urea∶½TMAO Results in a Net Neutral Effect on α-Sy-
nuclein Dimensions. We next tested if particular ½urea∶½TMAO ratios could balance out urea-induced α-synuclein expansion and TMAO-mediated protein contraction; i.e., effective urea-TMAO neutralization. Thus, we carried out extensive titration experiments where both the absolute and relative concentrations of individual osmolytes were varied. In total, approximately 240,000 single-molecule events were recorded and analyzed, providing high-quality statistics at single-molecule resolution (Table S1 ). In all conditions tested, single nonzero FRET peaks were observed, shifting as functions of individual osmolyte concentrations. The mean E FRET values of these peaks are reported color-coded in Fig. 3A . Evident from the data are the opposing trends of the effects of urea and TMAO along the osmolyte concentration axes. In addition, another trend emerges along the diagonal dashed line corresponding to a 2∶1 ratio of urea∶TMAO concentrations (cyan circles in Fig. 3A) . The values of E FRET along this line is constant within error limits regardless of the absolute urea and TMAO concentrations, and is the same value corresponding to the 0 M osmolyte condition (Fig. 1, Left) . Interestingly, this ratio corresponds to the 2∶1 ratiometric urea-TMAO counteraction of protein activity observed in vivo (8, 20) and in vitro (23, 58) . We plotted the E FRET data against the ½urea∶½TMAO ratio for all nonzero TMAO or urea concentrations (Fig. 3B) . The E FRET values were referenced to the value derived for 0 M osmolyte condition (E 0 FRET ); i.e., exactly counterbalancing conditions would result in a y-axis value of 1. Plainly observed is that the counterbalancing ½urea∶½TMAO ratios cluster at an approximate value of 2, with all other ratios resulting in E FRET ∕E 0 FRET values either lower or higher than 1. Specifically, ½urea∶½TMAO ratios less than 2 result in E FRET ∕E 0 FRET > 1; i.e., protein compaction, and vice versa. Additionally, Figs. 3 A and B show that although E FRET is conserved for the 2∶1 ratio, it generally varies for the other ratios.
The smFRET results described in the previous sections are consistent with a model in which urea and TMAO counterbalance each other's effects on α-synuclein when the ratio is 2, possibly through formation of an effectively noninteracting 2∶1 complex, or via independent counterbalancing interactions of protein with urea and TMAO. Isotopic substitution neutron-scattering measurements of ternary-component urea-TMAO mixtures in water previously suggested that TMAO interacts directly with urea through preferential hydrogen bonding (59) . However, recent studies show that the interaction affinity between the two osmolytes is too weak to be relevant even at high osmolyte concentrations (60, 61) . Therefore, we favor a model in which the free energy of transfer of the protein in TMAO solutions is opposite of that in urea solutions, with the free energies being additive in urea-TMAO mixtures. At a 2∶1 urea-TMAO ratio, the transfer free energies counterbalance each other (23) , and there is no net effect on the protein dimensions.
To further test the 2∶1 counteraction, we next calculated TMAO or urea residual concentrations for all the experimental conditions; i.e., the concentration of the osmolyte present in excess over the counterbalanced fraction of the osmolyte. For example, for a mixture of 2 M TMAO and 3 M urea, the residual concentration of TMAO is 0.5 M (see Fig. 3C for explanation) . If the counterbalancing effect is additive, this transformation should collapse the E FRET data for osmolyte mixtures onto the data for individual osmolyte titrations alone. We plotted the transformed data against E FRET values for the total TMAO or urea concentrations in Fig. 3C . Comparison of the black triangles (transformed [TMAO] when ½urea∶½TMAO < 2) with the blue line (same as shown in Fig. 2C ) shows close correspondence, in contrast with the significant deviation for the grey diamonds (corresponding to the untransformed TMAO titration data). A similar trend is observed for the urea titration data. Therefore, these results support a 2∶1 counteraction regime for urea and TMAO.
Hence overall, our data are consistent with the general model illustrated in Fig. 4 . Monomeric α-synuclein is in its disordered state in the absence of both urea and TMAO (31, 45) . The interaction between TMAO and the protein backbone is highly unfavorable (62) . Consequently, the protein shifts to collapsed forms with increasing concentrations of the protecting osmolyte TMAO (50) . On the contrary, the denaturing osmolyte urea interacts favorably with the protein backbone (62) . This favorable interaction causes protein expansion with increasing urea concentrations (50) . However, at a 2∶1 ½urea∶½TMAO ratio (cyan-shaded region marked with diagonal dashed line in Fig. 4) , the protein is neither expanded nor collapsed irrespective of the absolute concentrations of individual osmolytes. A residual concentration of either osmolyte over this ratio results in a change in protein dimension similar to that in the presence of the same concentration of the osmolyte alone. Our results can potentiate future theoretical treatments of the osmolyte counteraction phenomenon, perhaps in the context of linear free energy relationships in an additive and low-binding regime, as has been used extensively in biophysical and polymer physics analyses of protein folding reactions (63) (64) (65) (66) .
Conclusions
Osmolytes are members of the small-molecule chemical chaperone family, which play important roles in maintaining and regulating intracellular proteostasis (67, 68) . A recent study revealed that chemical chaperone-mediated mutational buffering can prevent misfolding of mutant proteins in vivo (27) . However, the mechanistic details of how osmolyte-mediated compaction/ expansion of proteins effect protein folding/unfolding events both in vitro and in vivo warrant further investigation. In this paper, we showed that the Parkinson's disease-linked α-synuclein, an intrinsically disordered protein, adopts compact/expanded structures in protecting/denaturing osmolyte solutions without clearly observed cooperative structural transitions. In addition, our study reinforces the concept of ratiometric counteraction of the protecting methylamine osmolyte TMAO and the denaturing osmolyte urea, wherein these small-molecule chaperones can effectively fine-tune protein structure and function by altering the ratio without the need for strict regulation of the absolute amounts of individual compounds in a cellular context. While some IDPs may not assume stable folded structures in the presence of a chemical chaperone such as the case here for α-synuclein, more compact/expanded and perhaps altered local structure could potentiate and modulate further binding/folding and ultimately function. In addition, our results also show that the counteraction hypothesis holds for a protein (α-synuclein) that presumably was not evolved to be tunable by the urea-TMAO system. This observation points to a more general interaction mechanism that is not protein-specific.
Finally, much theoretical and experimental work has been carried out on the mechanisms of interaction of denaturants and osmolytes on protein structure and function (3, 57, 63, 65, 69, 70) . While the chemical physics of folding landscapes in these types of complex mixtures could be extremely involved, the results in our paper provide direct experimental evidence for a surprisingly simple and robust phase boundary condition between expanded and compact conformational ensembles of this important system.
Materials and Methods
All chemicals used were either analytical or reagent grade. Background fluorescence from TMAO was minimized by treatment with activated carbon and mixed-bed resin. We observed that TMAO solutions exhibit dilution-dependent pH changes. To avoid complications, individual TMAO solutions at specific concentrations were prepared by readjusting pH separately. α-Synuclein was expressed, purified, and dye-labeled as described previously (31, 45) .
smFRET osmolyte titrations were carried out in αβγ buffer (0.2 M NaCl, 10 mM sodium acetate, 10 mM NaH 2 PO 4 , 10 mM glycine, pH 7.5 AE 0.1) at room temperature with dual-labeled sub-nM α-synuclein concentrations. Concentrations of urea and TMAO in stock preparations were calculated using refractive indices of respective solutions (71) . Donor and acceptor fluorescence signals were recorded by simultaneous two-channel data collection with a binning time of 500 μs using a home-built confocal single-molecule setup as described previously (45, 72) . The leakage of donor emission into the acceptor channel (9%) and acceptor emission due to direct excitation (5%) were taken into account. A threshold of 40 counts (the sum of signals from the two channels) was used to separate background noise from singlemolecule fluorescence signals. E FRET values were calculated from the corrected donor (I D ) and acceptor (I A ) fluorescence intensities as 
The value of γ was approximated to 1 on the basis of our previous measurements (45) . FRET efficiency histograms were generated and the distributions were fitted to a Gaussian function using OriginPro 8.0 (OriginLab). A more detailed description of data acquisition and analysis was described previously (45) .
